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SUMMARY

Puantitative information regarding very small amounts of
unsaturation in polystyrene is of importance in the understanding of
twe problems associated with this polymer: the presence or absence
of weak links, which could be associated with main chain unsaturatios,
and the mechanism of therrmal initiation, which might result in

terminal unsaturation,

Terminal vnsaturation is uelikely for catalysed polymers,
since catalysed fragments would be expected at both chain ends.
This can be tesied by determnining unsaturation of a series of polymers

of different molecular weights prepared using different initiator

ncentrations at the smne temperature.

with thie in view, zix poclymers of different molecular weight
were prepared at 36° using benzoyl peroxide as iuitiator. The
unsaturations were examined to determine if there is any effect of
mclecular weight on the unsaturation. X terzainal double bouds ave
preseat, then the vasaturation should increase for a given weight of
polymer, as the molecular weight decreases. On the other haud,
if there is no terminal unsaturation, all these samples should show

the same wnsaturaticu.

A polymer was prepared at 80° in order that the effect of
polymerisation temperature on unsaturation could be seen by

comparison of polymers prepared at 60° and 80°.
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‘Two polymers were prepared by thermal initiation, at 1209
and 1400, to see whether unsaturation measurements could provide

any evidence on the mechanism of thermal initiatioa.

Polymer samples were purified by precipitation from carbon-
tetrachloride using methancl as non-golvent and the number average

molecular weights were determined.

Lastly, the msaturation of partially degraded polysiyrene was
measured ¢ provide additional information on the mechanism of

chain sciseion in the degradation of polystyrene.

Polymer unsaturaticus were deterinined by reaction with radic-
ehlorine. A know: guantity of chlorine-36 of known specific activity
wag distilled iato 2 reaction tuhe containiag polyrer solution in
carbontetrachloride. Chlorine was allowed to react with the polymer

for one hour in sealed tubes at 25 in the absence of light and air.

Purified reacted polymer samples were counted in carbon-
tetrachloride soluticn in a liguid type Geiger cowiter, ¥From the
activities the chlorise coutent axd hence the unsaturation of eaci

sample could be calculated.

It was found that the vrsaturations of all the polystyrene
samples are small, and in fact of the same order as the "weak links"
concentrations as calculated by Grassie and Kerr. No increase in
unsaturation was found in the polymer prepared at 80°, however,
contrary to what would be expected from these workers conclugions.
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The unsaturations of polymers of different molecular weight
prepared ai the same temperature were found to be identieal. This
indicates the absence of an esd group effect, all the double bonds
being present in the main chain. This result is in accordance with
the previous evidence that termination in free radical polymerisatioa

of styrene is by combinaticn of radicals.

By comparing the results of present work with the ozonolysis
data of Grassic and Camerca, it can he seen that the two methods
are in fair agreement as ic the main chain unsaturation in polystyrene.
Grassic and Cameron estimated a double concentration of the order
of 1 double bond per 1, 600 monomer units, while the results obtained

from: present work show 1.3 double hond per 1, 006 monomer units.

it seems clear from the present work, however, that although
there is main chain unsaturation, this is not asscciated with weak
links. This conclusion is reinforced Ly the fact that no difference
in thermal stability was found hetween pelyiaer saaples before and
after reaction with chlorine. If the double bonds were weak links
some difference in behaviour might be expected. Possible ways in

which unsaturation could arise in polystyreue are discussed.

The observed unsaturaticns for the thermally initiated polymers
are higher than 1 double bond per chain, and appear to indicate the
presence of terminal as well ag main chain unsaturation, This

result lends support to theories of monoradical rather than diradical
initiation.

-




Results obtained for the unsaturation of partially degraded
polystyreue indicate an appreciable increase in unsaturation. This
is difficult to interpret, however, in the absence of evidence as to
the location of the double bonds in the chain.
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PART L.




1. Barly Work and the fandom: Theory of Decradatioi.

Since the time plastics first came oo the market studies
have been made with the oljject of detecting the causes of the
undesirable deterioration which they uadergo when exposed {o
weathering and other adverse influences, bringisg about drastic

changes in their physical aud chemical properties.

Early experiments on the degradation of polymers were made
to reveal the molecular structure of natural polyraers like gubbers,
starch and cellulecse. Asg far back as 1845, however, it was kuows
that styrene can be recovered by th%yrolysis of a glassy solid
foruied by heating styrene or allowing it to stad in air.  As the
rature of the glassy sclid was not kuown, detailed study of the
pyrolysis was postponed and it wae not uatil 1935 that the destructive
distillation of the glassy mass was critically examined by Statdinger
and Stei.nhoferl. The glassy mass, kuow:n ag polystyrene, gave the
following compounds hesides monomeric styrene as the pyrolysis
products.

¢ o ¢ IGZ‘
CH’Z = (l}‘ - Cﬁz - ("IJHg -.’13112 ~ OB - CH2
2, 4 -~ diphenyl-1~butene. 1, 3 - diphenyl propane.
¢ ¢ ¢
~&-cn, -dn- '
CHZ c Cﬂz H 01-12 - 032

3, 4, & - triphenyl-1-hexane,
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As none of these compounds cltained contained the henzene
rings on the adjacent carbon atoms, they coencluded that polystyrene
possesses a 'head to fail’ siructure of |¢

~CH, - CH - units
r]
¢ ’ ’
A CH_- OB - O, - O - CH_ ~ Cilvwn
2 “ 2
p c“ . -
This structurs wag hoavily criiiﬁ.uﬁ; it it bas wilhstood all

2,8

oriticism and ig now geaserally accepted.

The concept of random degradation had heen introduced some
years before Staudinger publighed his work on pyrolysis of polystyrene.
The Handom Theory was based on the work of L§?reudenberg " Msyeri
Hoff and I&iarkﬁ, and 1@%&;3:;_;;6, who studied the bydrolytic degradation

of starch and ccllulose.

By then it woa established that starch:, clucose and
polysaccharides consisted of glusoss unite {inized in chrins of varicus
lengths. During hydrolysis, the viscosily of these materials
decreased continuously, and appreciable axncusis of the unit molecules,
namely glucose, did not appear early in the reaciion.  Ag each act of
hydrelysis must proceed individually of all the others, these results
point te 2 reaction cceurring at vandom along tha polymer chain,

Kuhn used a siaiistical approuch to randos degradation, and bhis
matheicationl ivealment after a slignl wea:lioslicn o aceount for the
inerensed reactivity of termaival voads was fouud (o satisfy the

7
experimnentsl results |




In 1242 Votinoy, T.obekonand Mamiﬁ examined the degradation
of polymethyl methacrylate nad polystyrene, explaiaing their resulte
in tevimg of Fubn's rondes thoory.

I order o noecount for the varions pyvolyais products in the

degradation of polvsiyrese, Maudinger® assuned a random seiggio:

of carbon-carbo: bonds aleng the polymer backbone, followed by fhe
migratios of textlary bydrogen atoms.

¢« ¢ ¢ 9
{
M f - -0 -t e OV A
%l ¥ CH2 a‘ 5 t.r HZ m: t.'Hz
H u H H

cf ¢ ¢ ¢
c

|
P i Ad - Yy AN
- CH2 + \.»132 bﬁs

A O o {:ﬁz + eilﬁg—- C o
it was pointed cut that the carbon~carbon bond next but one to
an unsaturated centre, 8 slightly weaker than the noymal carbon-
carben linkage, a conzopt which at that times appeared to be
supported by the preater $hormsal stabillity of pelyviuyl eyclohexane.

Graasie and f?vie.“:lvﬁk‘i % po-examised the degradation of
polyiethyl methacryiate, dolormdning the chonges in molecular weighi
of polvinar and the inltial vate of production of monomer.  From
these results they concluded ihat e veaction is sclely Inftiated ai
chain ends, producing radicsls which liberats monomer in a reveras
polymerisation process.  This acoounted for the large amounts of
monomer obtained even in the early stages of the reaction.

g, o




Grassie aud biclville fouad ovidenee that two distinet reactions
were vecurring in the degradation of this polyiner, both regulting in

monemer as the scle product, and having enervics of activation of

31 awd 42 K caloriss, vespootively. fhey sugiested that these two
values correspondad W depelyimorizatio. roacticne Latiated at the

two fypes of ehalv and produced o the dsproportionation prooess
respousible for tornination duyinyy pelyimorvisation.  The lower

value was atiribuied e reaciion at the wnsaturated chain end struclures.
Grassic and Vm;aeu ware subssguently able to ai’;ew that if the

n

proporiion of ansaturaied sods was reduced by polymerisation in
presouce of a suitable traasfer sgont, the rate of indtiation of
degradation was aleo reduced. It has been showns more receidy,
howover, by Dreatdous ol Jeaskell2 thet the depolymerisation
prososs with thoe Liher ooy of activatic . is initisted sot at e
chain ende, as Grassio asd elville had svppesod, but by randoin
scission.

Around the time Grassic and Melville wore carrylsg oul their
studies of polymethyl nicthaoryiate Je‘llzm,k " was examiniiy the
degradation of polystyrenc at various temperatures.  He found that

the molecular weight of the polymer falls to a limiting velue,
dependisg upon the temperature of dogradatios.  An nferestiog
feature of the renction was thet the drep i molecular weight was
acpompanied by the production of mosomer in quantities which were
about 1&‘»3 or lﬂ‘i times larger than were expected on the basis of 3

-
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Figure 1: Changes is moleoular weight (from solution visoosity measurcments)
durisg the degradation of polystyreie, found by Jelltnel™”.




vandom mechanism, Furthermore, the molecular weight data
chtained during these paperiments wore incompaiible with a rendoa
theery of degradotion.  Conseqguently it was suggested that the
rvandom process of dooradation was noty geserally applicable to the
polymor degeadaticn.

2. Yeak Link Sheoryy.

1%
Jellinek while thermally deprading polysiyrene, found a sharp

drop in its molecular weight early in the reaction, (Figure 1), which
he suggested was due 6 the presence of a limited number of weak
liaks distributed ot random aloiy the polymer chain.  These weak

links are uustable 2t hizher tenmercatures.

wealk links have nlso been suggested to account for the
degradation behavicur of cther polyiaers, for example polyvinyl
15 , ieoay. 18
chloride}®s 12aud polyinctiacryion itrile.

Egtimation of Jonecrireticn of Veak Links in Polystyrenc,

During the desrnadntio: of polregtvrens, two scpernte reactions,
ratuely chain geigsion 2l reverse polymerigation from the chain
endg, zee proceeding simultancously. %, Hhw aumbor of weak links
per moleeule originally progent in the polymer chalu ie given by the
equation

MA
ML !

where MA is the average molecular weight of the undergraded
polymer and M1 is the limiting velue to which molecular weight of

-




Mol. Wt. (%16 )

20 40 60 80
% Volatilization.

Figure 3: Extrapolation methed used by Grassie and Kerr?! for

determination of Mj, and hence the concentration of
weak links.




the polrorsr wonld 011 ne o secult of ohoin seission in the cormplete
ahsence of depropagatic:. The fall In meleocdar welght up to 30
volatilization is mainly due to chaiv sciesion, hut the molecular
weight at this thme does not accurately represent ML, because of a
small compeonent decrease in molecular weight due to the reverse
nolvinerisation nrocoee.  Au approximate cgtimmate of the contributic:

of this reaction to tha il in molecular welcht up to 30 conversion,
id

can therefore be obtai: by extrapolating the linear portion of the
molecular weight conversicn curve back {6 zero extent of

volatilizaticu (Figure 2).

‘.

The mwolecudar woirhi ot this peint will represgent
approximately the 1imit to whish the melecudar welght of the
polyraoer would full as o result of chain geission at weak links in
the comple abpoice of depolymerisation from the chain ends, and

ie taken to ropresoid 111 § the above equatior.

Ag the numaber of woeak links present L polymers of differen
molecular weights will bave {0 be ceigpared, it is mere copvendcat
to discuss the results i iorms of the sumber of weak links present
per monomer unit

_B5x104
MA
; A
or 104 T - WA
104 being the molecular weight of the styrene monomer.




4. Possible Sources of Weak Links in Polystyrene.

(i) Oxygenated Structures.
13
Jellinek postulated that weak links might be formed by tie
incorporation of oxygen into the polymer during the polymerisation

process.
g i
CH= uﬂg + ()2 —> (T‘H - CHz
. O
7] ! S ]
| ”25 v !
.C “?H - - . H=C - CH2
1 ' | |
OH CH G—0
Jf Polymerisation.
o ¢
§
~~vCH -~ ?H - P - 0}12 - CH ~ CH?N‘"
HO fOH
Weal: Link.
13

According tc Jellinek, 0.3, by weight of oxygen is sufficient to
produce such an effect. Concestrations of this order have been
detected by Madorsky in polystyrene samples. As far back as 1829
Stauﬂd%er and oo-workersl ohserved that polystyrene prepared with
careful exclusion of oxygen is thermally more stable than that
prepared in presence of exygen.

According to Jellinek degradation takes place at the weak links
in the following way.

-l -




¢ ¢ ¢ ¢

i J ! , J }
] - O - OH - CH, -0 - CH-CH -~ JH ™
A~ CH, - CH, - CH ~ CH, G- ;
¢ OH O

¢ ¢ ¢ ::6

l‘ “‘s fad r!‘ 1 A DITE AN
~ACH - CH, - C- CH,, ~ u==0+?112- Cil - CH,

H v on
¢ ¢ IG’

3

| |
anwv CH - CHy = - CHy + CH =0

monomer being produced from the radical chain end

/] ¢ ¢ |¢
] l |

w{‘} - {:};2 - v - ::;ﬁz—-) wc - ?ﬁz + mi‘m ﬁﬁz
H

and termination vegurrving Ly the formation of a double bousd.

¢

\
A & = Clig

As the production of monomer eczurs sirudianeously with the
drop in molecular weivht, Jellinek 10 deduced that during the weak
link scisslon reaction about 5 ~ 10 of the polyiner degrades, aud
& - 10 monomer units were produced per chalin end formed. The
weunmer producticn resction is siniler to the one puggested by
Grassic and Melville for polymethyl methyaorylate 10

Jsllinek's explanation regerding the wesk links, can be
ariticised on the baeils that styrene copolymerises with oxygen to

8-




form 8 poly peroxide:
¢ ¢
AMA Cifg = CH = G = © ~ CHg = CE WS
Accerding ¢ Kolthoff and }E’»cveyw » 2 gem~diol seems highly
unlikely. Such a peroxidic unit is thermolabile, but it is not clear
whether it would disappear without chain soission.
Another thecry is that weal Hoks might be produced ag g

result of oxidatic: of polystyrene during storage.

s?! ¢
WA e (g Ak Go > w\‘j - Clig v
g o *
i el o

it is Ruowis thas prudciged exposurs of polystyrene film to lipht
. ) . -1 -
asd alr rosults iv the appoarance of bands at 2456 e~ and 1730 cin
in the infra red spoolivwn of polyer.
15 \

Achhammer™~ and ce-workers atiributed these to hydroxyl and
earbouyl groups produced during the decomposition of hydroperoxide
zroups formed during the oxridation of pulymer.

Decomposition ¢f hydroperoxide zroups at clevated temperatores

would almost ceriainly result i chain seission:

¢ ¢ .
MG i —> i: - Sup + OH
A Qe
followed by
¢ ¢
VAG 1 Sl —> W =0 +'a1§2w
o “o-




or
; «
|
WA - CHJW + G - CH, - O W
|
o vl' $1
¢ 6{ | &
§ {
AN D CHAM 4+ w3 e OF, - Sliwa
I 2 . {
OH ty

fach structures must accordingly be considered as ancther
possible souree of wesk links. I is therefore olwious that the mode
of preparation amxd storage of the polynier could bave a stroug offect
ou its degradaticn behaviowr, It was wilh these points in mind that
Grassie and Levy undoertoch their thermal degradation studios of
polystyrens,

1,280,281 3 o gt ox 3
i showed that iuclusion of axyren ie

Grassie and oy
6t the sole caugce of wenl links, since weak links are giill found o
the polymers polvmorissd from carefully purifiod menomer under

Hieh vaoman.
Thoy alse estallished that nermnl storage of the polymer doos
w0t introduce any frosh weak Hoks.
(1) Head 1o head addition of menomer.

One possible gourco of weak links in polystyreue is the
head to head additiou of monomer units.  Coosiderable evidence

~10-




ists o suggest that termination during the pelymerisation of

22,253,294 .
PR This means that every polymer

etyrene ig by combination
molecule should contain ot least one head o head link.
¢ ¢
AN CH, - D ',L ~ SHow
A
Ma T, - Sie it e S
sertain low wolooudoy weisht polvimers of Geaseie and Mery, howover,
contained less Ui Gue weal Jink per moleoule, suggesting that head

to head luiks cos oot Le weal links.

€72

Oreasgis and Cotherca = coucluied from their experiments
with popolyraers of styrene and radio-active stilbene, thet head to
aead additions arc nol thermolabile peinte 1 polvstyrese.  These
workers prepared sopclymers contaluing 1 part stilbene in 167 and

1 part stilbene I5 71 pocte siyrene.  Sueh copolymers should aonials
the structure
Wt - :.,;x - 3%, - )i i CLf = Ol = UH, - OB = OH, - Ol
. o Z t et He
. I.‘ ' S “ i
$J S ' mmer : S I
Ui

which inoludes two head Lo head linkie of o type which could ooour
i polystyreac.

The molocular weight of the residue iven pure pelystyrene
degradation at 200°C was found to decrease to appreximately 80, 660
te 140, 000 in the weak: link solssion phase; the exsoct value depending




upon the initial wolecular weight as well ag dis proportion of weak
links. If the stilbene vaits 1o the copolymuers of styrene/stilbenc
bebave on heating as weak Links the molecular weight of the residual
polymers should oloarly teod to have abuormally low values of the
ovder of 15,000 and 7, 000 regpoctively. It from the curves
ohtaived by Grassie aud Jriperen this does ool copear to be the case.
The two copolyrors bobave identieslly, their wnclecular weights
decreasing only v o very slichily greater caxtent than that of a pure
polystyrense propayed under ldentical conditions,

Grassic and Jamere: therefore concluded that the weaak links
i pelystyrene eannol be due to head to head siructure.

3upe

{ii}y Eranchlic.
Though braaching bas Loen reporied W be negligible

25,
I H

polystyrene it is novertheloss censldered important W investipate
this aspect of the polymerisation process, as e number of
branches required (if hese were weak links) o account for the
ohsorved deorenss in mclooular welsht during depradation would
be cxtremely small.  ¥irooohing during polymerisation proceeds
through transfer o polymer asd bag a slightly higher energy of
activation (78 ealories/mole) than the competing propegation
reacticn (5. 3. ealorizafimcle).  Consoruently Dranching would be
favoured at higher polymerisation temperatures. The degree of
brenching will increase with the extent of couversion of the monomer
to polymer, as the prohabiity of transfer suust depend oo the

w2




amount of pelymer present in the system.

i chain braceling Is responsible for weal: links, then as the
tomperaiure of polyinerisation Is increasod, the concentration of the
weal linls o the svetons, for the same extont of conversion should
norease 1o proportion.

F 17

Grasgic and orr used the equation

Y gy [ 1 ]
- - 1iog a-k
LR i Ly log -]

where & ig the fraction of monemey mel&m;iass whioh have heen

polymerised cut of 2 total of N in the sysiem, and Y 18 the total

wsaber of branches.  “tr and % ave the rate constants for chain

anching and propagaticn rospectively.

From the application of

thie eqguaticr to thoiy veoulis it was concluded that weak links cannet

e due to chain branchisg

EER4 L

(iv) Abnormsl FPropasation Steps.

, . ¢! . . ¥ -
Grassic and boyy censidered the possibility of

polymerisation through a vanonical form of ihe vesonating polymer

radionl.
AMATH, ~ Ol €—p W, -~ Ol e—>WIH_ - OI
2 3 e )\ 2
7 . <N
F i @
= ~1 b
Normal

The structure resulting in the polymer chain from addition of
polystyrene at the para position in this abuormal propagaiion step

“i3w




would thus be

Y T Senl
Ve OEED LG

and 8 sorvespond oy virocture can he writton for addition at the

oriho pegition. Mo earles-cavbon bond ludicated is expected W be

a wealk Hink 08 18 is nexd bub one o the wwo doubile imne:?sq The
formagion of thoge stroctures soumewhat reseitles that of the Ketene-
imine linkages wiish have Loon fourdd by Talal-Lrbon and I:fywaterm

in polymethaorvionitrilesod lnter confivmuod by Grassie and Mc?{{ﬁ;ﬁ%,
although these siructuros were fouwsd by the Intier authors o be

forned in an abnormal lormination sbep.  Shmilar obsevvations hovo

Ceon made recondy 1 polyaceylonwihile. 52

Polymerieation throuch the normel froo radical loaves e
benzene ving bunoi, while solymerisation & eouch forus I and I
destroys the arcmatic chavacter of benzeno vius, with the result

that 2 higher encryy bawrior for their formation would be cguected.

An inereasc in abnormalities of this ¢ype in the structure of
the polymer with the lacresse of tamperature of polymnerisation

would Hhe expected.
24
Grassie and Kerr found an apparent increase in the mumber

of wealk links in polystyrene as the polymerisation tempersture was
inoreased, in keeping with the theory.

«l4 ~
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Grassie and Gﬁm{ar{mw gubasguently oldained ovidenoe
(discussed latarin this thesls) suggesting that double bond structures
are closely associnted with the thermolabile points in the polymer
chains. This dees not, however, prove guincnoid type siructures to

be weak links,
WACH,, - CH
2

thourh 1 londs shpport to this pessibility.
rradaiion of Polyst

o
5. Rele a.é Trossier i she L rene.

An gliernative cxplo.stion of the obszrved degradation behaviour

of polystyrene hag besn put forward lu jerms of iransfer reactions.

cd glves Liplor fragmaonts such as disuer,

Polystyren: when 4
trimer, toiramer asd pooauner 8s weil as mosomer.  This suggests
&
that chaia transfer mony ploy a sigaifioant past O the reaction,

. 3¢ . coar
Jullinek™ 2ng adersioy boll sludios

o orabe of producticon of
volobile soatevial b i ogpovaiure paape. (Flgure B} Joliinek's
curve shows an inhibition poried (B0), which ho allribuied o the
formation of inhibitors during the earlior weak link seission phasce (AL).
The discrepancies in these resulis have been the subjeot of disputa%' {}?‘,
For both curves, however, the rate shows & maximwn at 39 - 40
gonversion. Simha and V all%® explained the renction in terms of
random soissien process followed by inter and intra molecular transfor.
They derived a: expression for the degradation of polymer to volatile

materials, which gives rise to & maximurs rate af 25 convorsion.

15~



Heaction Steps:
Initiation. ¢ é P @

| | 1 i
A CH_~-CH - CH_ - CHW_,mCH,_ ~ :CH + CH2 - CH M~

2 2 2

Depropagation. ¢ & & ¢

| | ~ ] \
CH, - CH - CH,_ - - =
W CH, - CH - CH, - CH,~> AmCH,-CH + CH,=CH
Intramolecular transfer. ¢ : 7 7]
s ... )
- CH, - CH -1‘ CH, - @/H:~ CH, ~CH -

, 2
¢ Z‘¢e—J

—_ |
&« CH_-CH

]
'\N\L»HQ - '../H + CHZ = 2 2
Intermolecular transfer.
¢ ¢ @
] t Lo
< CH mA
]

l ! |
~WCH, - CH, + waCH, ~ C = CH, + CHAr

Termination.
2 Badicals — 2 polymer chaius.

Simha and Wall explained the difference in theoretical (25%)
and experimental (30 ~ 407) values for the percentage conversion at
the rate maximum on the basis of random breaking of bonds followed
by intermelecular transfer.

-16-



G, Discusgalon of VWeak Links Versus Intermclecular Traasfer.
i3 21
Jellinek, Grassie and Kerr favour the weak link theory. I

utermolecular transfer were ogcurring, Grassie and Kerr argued,
the molecular weight of the polymer should drop to values lower
tha= those obtained. As mentloued eavlier, Grassie and Ferr from
their degradatics sxperinonts of polystyrene soncluded on the bagis
of moloawdar weight neasurements that polymcrs prepared at
different temaperatures have different propovtions of weak links.
This result, which strongly favours the wealk link theory has oot
hoon explained satisfactorily by the propencents of transfer

wiechanlsia,

The molecclar weirhi changes obiained on pyrolysis of normal
. ¥
polystyrene and pely - K deuterostyrene are differeat.  These

results are compatible witl: the weak link theory.

Accordin: o Cracsic and Rery woak link scission does not
sive rise to frec radieals, nt stable melecudes. A hydroges transfer
is nccessary to convert the free radicals formod initially by
homolytic fission into sialle molecules.

The discrepancy in rate of molecular weight drop between
normal polystyrene and poly - & - deutrosiyrene can satisfactorily
be explained on the assumption that the hydrogen atom involved is
the one attached to the tertiary carbon atom.

The ratic of monomer to non~imnonomeric products remains



constant theoughout the veaetion, favouriyy iniramoleonlar traasfor
as the source of noa-monomerie fragments.  Put this ovidence ia
not sufficlent to exclude the possibility of Lutermolecular ransfer.
it is therefore nol vasy W decide as to which one of the two theories
is corrvect, though the balance of ovidence scems to favour weak
links.

7.

o B :‘93.—. e
wofey Cvegh Dinke in Palyplvroue,

The original evidenso on which the waak link theory for
polysiyrenc degradaiicn was bascd ecusisted wolely of the shapes of
the molecular woiphi voreng persentays dorvadation curves.  More

recontly, bowewvar, ovid en found from v
oihier direetions.
@) Sclution Oerrndation,

. ad . .
Orassie and Sameron | exwandaad the degradation ol

€3 £}

polystyrene in noohihalon: and in folealin solulion.  Tetralin was
found to ibhibit ti o poo

Juotion of voladile products, nod the molesulor
weight of the pelyiney il rapidly w a Lty valse whish agreed,
within expertmental errcr, with that obtaincd by extrapelating the
iinear portion of the molcoular weight versus | conversion surve for
bulk degradation of the saiic smaple.  The nhibitor action may
proceed in the following way:

| U
"‘M{}H? - ?«H +



Tetryl radicals disappear Dy rautual interaction in pairs. The &
hydrogen of tetralin molecule would bo transferred in the reaction,

since peroxidation of tetralin fakes place at this active centre.
ooH

Q0 > QO

Depropegation in ngphthalene proceeds in the usual way, as there

is no reactive point for tracsfer reactions in the naphthalene roolecule.

In the lighi f e interwolecular travsier theorv, the radicals
ceusing depropsgation o volatile material shouid also Le responsible
for the initisl drop in molecular weight.  Yowever, although the
depropagation step in caga of tetralin iz suppressed the initial rapid
fall of molecular weight is toislly vnaffecind, o8 procoeds at alinost

the same ratc as for hulk and naphthalene degradations.

According to the wenk link theory the ¢verall reaction consists
of two distinetly independerni reactions.

() Weak link scission.

() Depropagation.

ne depropagation reaction is inhibited by the free radical

accepter. According to the wesk link theory, the inhibition of the
deprepagation reaciion as well as the decrease in concentration of
polymer could not be held respongible for the initial fall in molecular
weight which must therefore be due to weak link scission in the
polymer chain. Ion-monoiueric iragments are produced by the

intramolecular trascfer reaction.
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¢ Czenelysis expoviments:

N e S

Cnly about 6.1 . of styrene wnits in polystyrene are

associnted with wenl Hukis. It s not surpeizing, thepsfore, thai

close serutiny of infra red spectra of undegradad sud thermally

craded polyatyroncs e fnlled to roveal any evidenge of them.

£

Coy the sarae rogsts esbimation by normal analytical methods is nol

posgible.  However, i weak loke sie assccinted with vosaturation

iy the polymer backboue o iclesular weight neasureiaesds

»

rearesent 8 very souslive method fov tholr oatimation If they can

be seloctively brehen ¢ cardy.  This otlod has also the

advantaze that chals tevmlaal unsaiveation will vot interfere since

i melesudar welghi chevses associated with it desiruction will be

uegligible. 5o widl theso consideratlons i mind Grassie and

s
o

Cameron”™ " ozoninnd pukyatyreae i Manalar” grade chloroferm
solution, and mensured ¢ molecular weight of the ozonlde afier
various times of reacticon. o moleculay weight of the ozonide
nfior cleavage by reduciion with aloe nnd aoctlo aoid was alse
measured.  Grassic and Uamevon's daia are shown in Pigure 4.
Uzonolysis resulted in aa luorvense in molesular weight,  For the
fipst 40 rainutes of reacticon, however, the mclocular weight of the
vzonide remained constant. I the ozonide in cleawed by reduction,
the molecular weight fells during this Initial poriod, then beging to
rise. The miuunwa in the molegular weight of the cleaved ozoride
corresponds glogcly with the Mmiting molesular weight obtained by
the extrapolation procedire in thermal degruistion of the polymer.

20 -



Prowe these oxperimanie, thoy oconelodad thal wankl Hoks in

pelystyrenc are assceinted with strustural abuormalitios
ingorporating wssntuvation. No further evidence could he oblained,
however, of thels chomical nature. It becamoe elear that any method
hy which unsaturation in polystyrene oould he jneasured acourately
oould contribute preatly to further understandly of the nature of the

¥

weak links. I wos froo ihiz stacd pelnd that the work of this
gi@&l& WEE DY !1/1((";{. i"."" -

8.  Methods for ¢ <wmbion ¢f Unsaluration in Dolymers,

Yarious « Io oo oveilnli Jor polyoior wnsoiurallon

determination &

Most of the pullished work o1 unsaiuisiion o pelymers has
een on bulyl rubbors having unesawration 1o the rauge of 1 - & acle

.»**i, 5 N

por geat. A vorioty of procedures have heon adopted to

determine the unsaturaiic: . oul of thase (b odief/meroaria ageial

EE

method of Galle, © cise, o0 Nolzon” , angd oo jodine aideriic . 0 wd
£ < 37 »
of Los, Falihoff and Jehoson ppaar o bo Y ron;

ihe former method o o sianderd pi‘u%&ﬁn“s ugad iadusirially for

buivl rubbers.  lubber saraples ic carbee trivashloride are allowed
o react with todine in the presence 6f mevouris agetate,  This methed
vields reproducible results provided time of renotion and concentration
of reagont are strictly standardised. It suffers however from the
disadvantage thas the asture of reaction is not well underetood and in
order to caleulafc nnsaturstion values an empirienl assumption must
be



be made that 3 iodine atoms are consumed per double bond. In case
of the iodine chloride method the procedure usually consists in adding
to a solution of unsaturated compound an excess of iodine chleride,

and after a suifable reaction time determining by titration the amount

of iodine clidoride consuwmed.

I <
\ / N ! |/
/C = C\ +I01 —> /C - T~

The reaction of isoprene butyl rubber and butadiene butyl -
rubber with iodine chiloride in carbon tetrachloride solution has been
the subject of a very careful study in which it was shown that the
reaction with double bouds of hutadiene type is straight forward
addition of a molecule of IC1. Vhere thore are substituents are
in the vicinity of double bond, however, the reaction is complicated
with side effects since the initially formed products possess steric
strain and decoripose by splitting out HI. The reaction is believed
to involve following stages:

(i) ICl addition.

(ii) Splitting out of Hi, which reacts with IC1 to give HCI and 12.
(iii) Gradual addition of IC1 to the double hond resulied from
stage (ii).

Lee, Kolthoff and Jo".fmsm:ﬂ jevised a method of calculating of
unsaturation values from iodine chioride experiments giving values
which were considered reliable for materials such as butyl rubbers.
Results sc obtained were in good agreement with those obtained by
the drastic lodine-mercuric acetate methods.

~-22-
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Figure 5: Data obtained by McNeill®® for reaction of chlorine with

butyl rubber.



As mentioned earlier, these metheds are nvailable for
ungaturations which are above 0.5 mele |, bl they are inadequate
for vnsaturations whick lie below this limit. Thus while therc is
great lnforest in unsaturations far below 0. 5 wweole ;) there are 1o
sabisfectiory quantiintive chemical metiodes for Lwvestigating these,
Zadicecheraional toohuinuos ennblo ng o ovorcome this difficudty.
Very tow double bond conteats oni Lo ascurately determived using n

re~ayent labellod with o suitable radicactive isciope.

36
A radic chensical mnethed using ehlorine labelled with 6l
38
re~agent has bees usod sucocssfully by Molledl™™ for butyl rubbers
with unsaturation arcund ooe inole per cont. (his technique is

sapable of measuring vorataration of o very low order.

For peaction with bulrl rubber the offont of varying the
concentration of ohdorie with reaction mixtore was obgerved.  The
graph of chlorine conimé of nclymer againgt oilorine content of
reastion mixtiure hog o fnitiad steoply slopig linear part then a
gradusl transistion {6 8 Linogr part of small glope (Figure b).
Extrapolation of the two lincar porticns ag shown gave a point of
intersection which corresponded to £ ateins of chlorine per origiual
douile hond,

shlorine does not react with butyl rubber by addition, since,
even with prolonged reaction and excess polymer, MoeNeill found '
that only 50, or less, of the @lg initially prescut appeared in the



resoted polymer, Similarly, isobutene monomer reacts with
ehlorine (1 mole) by the substitution reaction.

CHy
N €l
S <‘}E§ ‘:’Z
R —> cl 52}- CHg + 1i6]
CHg

41 3

&
2,

Chlerine roncis with styrene, however, by addition. Thus
the mode of reaction in a particular cage will depend on the
gnvironment of the reastie double bond.  In the case of polymer
the behaviour of the corresponding monomer 67 8 suitable model
gompound will norielly provide a guide to the type of reaction to
be axpocted at double bonds in the polymer.



. Poggible Sources of Unsaturation in Polyvstyrene,

it s {mportant o resogaise that wwaturation in polystyrene
could conoelvably arise in other ways o that surzested in the
“guinoneld" weak link siructure theory.  Torminal unsaturation
mighi be preseny which 2as a0 bearing on wonl Hink soission.
crraingl unsaturation is undikely for p&iv;sf T8 prepared it the
pregence of initiatey slioe iistor fragiacntg would be oxpected au’
both chain ends.  This follows from the fact that tenmination i.r the

2,23,24
polme«msahc oI styveone 1B exclusively hy combination of mdical

The pessil:dily cns Lo togted, however, L7 examining the
vupnturetions of a sorios of polymers of differeit melecular weights
prapared using differest Luliolor concentraticos at the same
tempersture. I there is 5o terminel wisaturation all ghould show

the same apparest unsaturation,

Terminal unsaturaiion could arise, however, in the caso of
polymers prepared by thermal initiation. The mechanisin of this
process 18 not understood, although a number of theories have bee:

put forwardS9s 40,41

-25-



10. Seope and Al of the Fresent viorh,

The intention of the work deseribed i this thesis was to use
the radicehlorine method for studying low unsaturations fo provide
information on the couccntration of double honds in various polystyrene
sanples.

(8) Polymors of different moleoular welght were prepared at
50Y using beusgoyl peroxide as initiator.  The unsaturations wers
exmmined fo determine i thore is any effect of meleoular welphi ea
the uusaturation. I termisal double bonds arve present, then the
ungaturation should luerease, for a given weight of polymey, as the
meleeular welpht deorcases.  Ca the other hand, if there 18 no
terminal unsaturabion sil these samples ghould show the same
ungabueaticn.

®) A polimer wns propaved at 809 i order that the effect of
polymerigation tonuporatore on unsateration could be seen by
somparison of polysers prepered at 60° axd 3¢°

{¢) The rogulis of &) and O) should shod furtber Ligid on the
sature of the supposed weal links in polysiyreac,

@) Two polyiners wore prepared by Gemunl initiation, at
120° wnd 1409, 0 sce whethor unentwraticn messurements could
provide any extdence e the mochonisin of hermal initiation.

(¢) The uasaturation of partinlly degraded polystyrene was
meagured o provide additional isformation oi the mechanism of
chain seisgion i the degradation of polystyrone.

-26-



PART I

EXPERIMENTAL TECHNIQUES
AND
RESULTS.




i. Preparation of Uolyicors.

As pointed out carlier, polymerisation conditions are very
important and can effeci the structure of the polymer. 1o additios,
as it is not yet fully kiwwn at what stage weak links mgy be formed,
it iz advisable thai as moay variables as possible should be
sliminated from the nolymerisation process.  moeepiag this aim is

mind, the followirs, {ochinigues wero adopted.

(i) Purificatico of initiator:-

Lepzeyl peroxide, which was used as ipitiator,
centained 20 © wator. I was dissolved is chloroform and a
saturated soluticn was filtsred and preecipitaied with A R, methandd
at roein tempeynfure. [t was stored in the dark over caleium

ohloride.

(1) Pumificotics of wwonomer:-

Lubibitor was removed from the mosomaer by
repented washing with 20 | sodbwn hydrexide solution, aud wheo
further washing did not produce any reddish-brow: soleuration in
e agueous layer, the mwocmer was then washad frecly with water
w get rid of aay alkali left, and tested with litmus.  Inhibilor frec
monomer was then dried over calcinn chloride for about 48 hours.
Monemer was thea distilled under vacwmun, the first 30 ce.. of distillete
being discarded. The monomer obtained was n colourless, water
white liguid.

-27-
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Figure G: Vacuum system used in filling dilatometers.



(it} Filling of dilatometers:-

The vacuuwn system used in fillisg of dilatometers
is shows in Figure 4. A vacuum of the order of 10™mm Hy
was obtained using 8 mercury diffusion pump backed by a rotary
cil pumip. Moncnicr was degassed four times by freezing and
thawing, and 25 cc of the first distillste dizcarded before filling
the dilatemeter. A& water condenser was used as shown in Figure 6
tu aceelerate the distillation, aad was found very efficient, it

reduced the distidlaticn thne by threo quarters.

A pobymer o which was found W form b rescrvoir tube
wag cvoken pericdieally Ly shaking the reserveolr tube round the
joind . This digtillotion was continuous. v hen the required
amount of monciner had distilled over, the dilatometer was sealed
under vaouum asd the monomer was thawod and placed in a

refrigerator at - 16% till needed.

Whenever polymerisation in presence of initiator was
intended, the roguired sinount of initiator was first inbroduced isto
the dilatometer along with a small quantity of cilordloria to disscive
it. The chloroforta was rosoved under vacunn aud the dilatorneier
was then attached to the aystemn as bhoefore asd monomer distilled

We‘r .

rescnce of initinior:~

@iv) Polymerisation
The polyimerisation was corvied out in a water tack

controlled to + 0. 83%C by a Sunvie 3, V.5, (elay and a spiral-type
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mersury - toluene reculator.  The iaitiaf - cxpangion of the
menomer and its subsoquent contraction on polymerisation were
salealated from the data of Molville and Valentia’aeéé.

(v) Iherwmnl polysiorisation:
Thermal polymerisations at 120°C and 140°C were

sarried out using vopour jockets of boiliug per-chloroethylene and
m~ Xylene respectively.  These polymerigation temperatures

are the boiling points of the liguids.

2 Deeainitation of Polyiners.

Vhes the polymerigation was complete to the extent noeded,
he condonts of the dilatomoter were preoipitated in "Analar?
methanol.  After this proecess had beon repeated several times,
the polymer, obiained in white fuffy form, was deied undex
vacwun for over two days. It was then stored in dark bottles.
Polymers were further dried by heating to 1359 under vaouun
for 1 hour before use in chiorination experinients. It was vorifiod
that no change in molemidar woight oceurred during this drying
process.

20~
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3. Memmnromoent of Yolomler Woirhis.

The initial molecular weight measurements were carried out

. ; - O 944 R .
usin: the osmometer described by svieiﬁmllé . This permitied cue
dotermination per day & Lo carvied cut.  In the later stages of the

e e . %
work the MechreleD ich ipeed Membrave Csrometer™™ beoame

available. With thig lnstrument geveral nicleculary weighis could

be determived Lo o dry.  Zvlvania 500 grade celephane mombranes,

conditioned rs descoribed by MeNeill, were used in both instruments.

Since two diffcroal wpee of osmonieters were usged, il was
important o estaliis! that resulls were directly comparable.
Lygually good T/C vorsms . plots were obiained with both
insirumeunts and in oll casos where samples were examined in the

two ostemctors the rosulis obigined were Lo exeellent sgreement.

The polymerisation couditions a:d molooudnr welghis of e
polyiners are given s Table I The reciprocsl of the moleeular
weight is plotted ngoinst square voet of the laitiator concentration
in Figure 7. Siuce the line obtained passes through the origin,
transfer cannot ocour to any siguificant extent ln these polymerisatious.
Osmotic pressure data with MeNeill's osmometor oppesr in Figure &

aad for the Mechrolab csmoemeter in Plpures @ and 10,
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4. Design and Cperation of the Radie-Chlorine Gas Apparatus.

(i) Preparation of radiochlerine:-
Radiochlorine wes prepam&éﬁby the decormposition
of radionotive pailadous chloride, whick was chiained by the exchange
of radio active HJ1 solution with palladous chloride.
HOlr ¢ .‘P{Z.Slz —_ }?dﬂ”)l’& + IIC1

~1 hent 5 o L
PACEY = Pa v O
o 2

About 100 maps of palladous chloride were placed in a flask,
with an cxtended ~ock. 5 ml of radicactive 101 were then pipetted
into the flask. The sides and necl of the flagk were washed dowi:
with distilled wator, the neck was then bent over at about 90°, and
the mixture shalon cently, heating o1l the time slowly on a micro
burner until the palladous chleride dissolved. The agueous HCL,
now less radicaciive bocauge of the exchanve with E’d@lz. was
distilled inte another fingl:. It was imporiant not to distil the
solution completely o dryuess because of tho visk of overhoating
the palladous chloride.

4
ices radioactive

adicactive palladous cldoride was further dried by placing
the flask in a container hoated to about 1109°C.  The drope of
distillate which appeared on the side arm of the flagk were removed
by menns of paper tissue. A plug of glass wool was inserted into
the arm of the flask, which wae then connected to bulb F in the
vacuum system shown in Figure 12.  Stopoochs 1 - 6 were greaseloss






stopecol:r il Wiine B Tooreserbon daghrarms {G. Springham &

Co. Ltd. ).

The system was cvacuated, and left under vacunn for a fevw
bours; to ergurc £int tho palladous cideride was completely frce
from molsture. 1he greaseless stopevol 2 wag then closed amd the
flask coutaintng dry palladeus chloride was heated gently with a large
luminous flame, Leeping the flame moving all the time, If a portion
of flaglk is overheated, Leing under high vacuum, it may implode.

.

Chlorine was condensed {n rdb F, which was dipping in liguid
oitropen,  Healin was contiwed till 2 'palladium mirror' was
formnad and all traces of rod palladous chlovide had disappeaved.

The bhudls was then draws off.

Sopoocks 1, U acd 5 were closed and chlorine was then
finally transferved inte the reservoir bulb A Ly thawing F, epeniny
stopcock 2 and freezin the (ail of A in liguid nitrogen.

(i1) Delivery fractior:-

A definite Iraction of the total weight of chlurine
preaent in bulb A ean be ramoved hy evacuating belbs B and O,
opening stopeock 6, (keepiig siopcocks 4 and 3 closed), ailowing the
chlorine to expand into bulb B, and giviay it & minutes to reach the
‘same pressure in both bulbs. Stopoock § is now closed. B contains
a weight of chlorine giveu by the original weight in A multiplied by

the ‘delivery fraction’ = Vol of B . which can be distilled
Vol of A+Vol of B
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fito a oalihroted sopaties fube 1T

Farther portions of cklorice from A may he removed by
repeating thege operaticns, the amorat romoved being a constant

fraction of that prepont | L bofore axpancion inte B.

shedilarly the delivery Doaciion befweer the rescyvoir and bulbs
i+ O zon be caleclaied.
(iii) Fillivg the reaciion kube:
HGeaction tubes were of about 20 ml capacity and had

two armse (I, Figure i2),  One arm of H is fuced ou to the apparatus
at D, and the polyeer sclulion for reaction is added through the

other arm using a hypodermic syrige.  The latter arm is then sealed
at . The solution in il is degassed four times, by freezing and
thawing. Radiochlorine {rom the bulb syster is then distilled into
the frozen mixture. FLaally the reaction fube is removed hy drawing
off at D, and thawed t¢ ihe veaction temperature, 25°C.

{lv) Calibraticn of radiochlorine gas spparatus:~

The apparstus is calibrated for use by determining
the delivery fraction. Two methods may be used.
‘ (a) Sucecessive portions of inactive chloriue are

eolleeted in reaction tulos, containing 10 mi of X_potassium
10
iodide solution, which has been degassed four times by freezing and

thawing. The tubes are scaled under vacuwn, and thawed at room
temperature. The amount of iodise liberated estimated by
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titration against N sodium thiosulphate.
10

The ratio of litres {rom successive sanples is

- VOI of &
Volof A+Volof B

Similarly, the ratio of litres from successive samples from
A, espanded into I and C =

1- Vel of & ,
Volof A+ Velof R+Vol of ©

i

Hence the delivery fraction ean be coloulated i cach cuse.

Results fur 2 seviep of sugoessive opoerations axe given in
Tahle 2.

() The delivery fraction can e determined radio-
chemieally with radicshderine initially in Wwdh A, Suceessive
portions are coliecied using the same technique as above in reaction
tubes containing 5wl of 2 3 V/v sclution of styrenc in AR. carbon
tetrachleoride, the sealed tubcs are thawed ot room tenperature and
left in the dark for mere than two hours. The contenis of each tubwe
are then made up to 25 ml with édl,, and 10 ml portious of these
solutions are counted in a liguid comnter.  The ratio of counts from
successive samples, corrected for background, allows the delivery
fraciion to be caloulated. As can = sces from resulis in Table 2,
the values of the delivery fraction vbiained by both methods are in
good agreement.
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TABLE 3.
CALIBERATION OF RADIOCHLORINE GAS APPARATUS.

For expansion into B only.
Operaticn No. Thiosulphate Used w@%‘& Ratio
1 2.68 ml -
2 2.12 ml - 0,791
3 1.675 ml - 0.790
4 1.325 ml - 0. 791
g gggi ; 0.792
Mean ratio:~ o, 781
Delivery fraction:~ .2090
For expansion intg B + C,
i 1.78 -
2 1.31 - 0.738
3 0. 960 - 0.732
4 0. 710 - 0.73%
5 0. 420 - 0.732
A - 1182
B - 869 0+ 735
¢ - _ 836 0.732
D - 470 0. 739
Mean ration- 0. 734
Delivery fraction:- ¢, 266
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5. Counting Techalque.

10 ml portions of solutions were counted in a lguid Geiger
counter tube (Mullard iype ¥x 124), using 2 Beudix Ericason sealer
type 1214 and a type 110A probe unit. Paralysis time on the probe
wiit was sot at 400 microsegonds.  The liguld counter wag supported

in a Panax lead eastie.

The platen: of the lguid counter was chtained (Figure 18) by
plotting applied voltage agninst counting rate while using as a standard
source 2 solution of uranyl nitrate. It had a plateau which extended
over 100 volts, and counts were taken using an applied potential of
400 volts. The counter efficieacy was checked periodically with the

same gtandard source and was found to remain constant,

In each deteruination of polymer activity, 10 ml of polymer
solution in carbon foirashloride were cowiled, due allowance was
made for counter dead thine and backeround, and the activity per
sram of polymer was ealeulated. vhen the counter was enaptied of
polymer solutlon, it was rinsed twice with a@cly, then with chromic
acid, washed with water and finally rinsed with acetone. The
counter was dried by blowing a jet of compressed air into it.  Af the
end of each day, the counter wag filled with chromic aoid, and left

over night.

8. Determination of Specific Activity of Radiochlorine,
Two methods were uged.
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(1) The specific activity of radicchlorine was determined frow
two successive operations of the apparatus. The first sample of
radiochlorine was colleated in aqueous Kl, ss described earlier and
chlorine estimated by tit-ration of the liberated iodine with I
sodhun thiosulphate.  The second saniple of chilorine was
distilled into a reaction tube coutaining & . V/V styrene in carbon

tetrachioride and made up o a stacdard volume for counting.

The weight of chlorise in the latter sample was calculated from
the former result raultinlied by (1 - delivery fraction). The specific
activity of radiochlorine oa: thus he expressed as counts/min. / mg

chlorine when eounied in eavbon tetrachloride solution,

{2) Radio chlorine ig very expensive, and in the above method,
two samples of radio chlorine had to e uead in order to get the
specific activity. Thereiors the following method was tried, and
found to give exceliont resultls.

A portion (x zrams) of radiochlorine was distilled into a
reaction tube containing 16 il of aqueous I potassium iodide
solution (degassed): the tubc was sealed 16 under vacuum, and
then thawed to roorm teraperature. The contenis of the tube were
made up t¢ 20 ml, 10 ml portions of this were counted and the counts
corrected for dead time and background. This 20 ml of radiosctive
potassium iodide solution wes then {iirated against sodium
thiosulphate as before, giving the amount of 012 distilled over.
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I ¢ mgs of Cl, give I ocounts/min.

then,1 " TR 7 = N a.p.m.

but this is oounted in agueocus solution.
Dividing by the density of carbon tetrachloride (1.59), we get
the specifie activity of radicchlorine in the CC1 4 solution.

-I-::i —-L ser a—%i- mmlm/ A 4 3
X *1.ou Tisex M /sl

Pesults thus obtained wero compared with those obtained by the first
method, and were found to be In quite good agreement (Table 3).

7. Reaction of Polystyrene with Gadiochlorine.

Accurately weighed polymer samples of approximately 250 mpe
dried as above were digsolved in 10 ml of carbon tetrachloride
{over night).  Solutions wore then trapeferrad to the reaction tube
attached to vacmun line using a hypodermic gyringe. By adding
waesbings from the fiagk and syringo, the liguid in the reaction tube
was made up to a calihgraﬁioza mark corresponding to a volume of
15 ml. The side arm £ as shown in Figure 12, through whioh the
polymer solution was added (o the reaction tube, was then sealed.
Solutions were thon thoroughly degaesed as already deseribed and
radio chlorine pessed as before., Aftor the roaction vesscls had
been sealed off, and thawed, they were immersed in a bath at 2590,
and left to react for 1 hour, with exclusion of light.

8. Purification of reacted polymer.
Solutions after reacting with radicchlerine contain reacted
1 .




polymer ard tnveacted chlorine. Defore counts may be made on the
polymer it is necessary that the excess radioohlorine must be
romoved.

Immediately after ench reaction tube was opened, it was
poured inte 500 vl of AL methanel, viilel was belns vicorously
stivred uslug a maynetic stivrer.  The polyiner thus obtained was
vedissclved in carbon tetrachloride, aind veprocipitated three times,
It was then dried & 8 vacuum destecator for about 48 hours.  The
dried reacicd pelyiaor wae weighed inte 2 12 ml standard flask,
thorovghly disgolved in carbeon tetrachioride aod mmade up to the
ook, A 10 mi portion of ke sclution wne pipottod into a lguid
sounter, and eounted over oo bour.  The polyrieor was reprecipifated
in Ak methancl, deiedd, weighed, dissolved and counted again, The
activity obtained was scmpared with thal ehialned after the third
vepreeipitation. MNo differeace was fovad, showing that afier threo
pracipitationg there is ne free chilerine leff trapped iz%t,ls.e palviner,
From the activity, knowing the speeific activity of chlorine aad the
weight of reacted polvmer, the weight por cent chlorine in the
polymer can be caloulated.

It was veyified thai, as expected, the concentration of the

polymer solution had no sigaificant effect on the cbserved activity
per gram of pelymor.

S.  Degradation Lxporiments,
19
The apparatug uped was gimilar to that of Grassie and Kerr

o



Operation
Heo.

& w0 W ke

TABLE 3.

Somparison of two methods for detertnination of the
specific sctivity of radiochlorine in CCly solution,

{Delivery fraction of apparatus = 0. 209)

Wt. of Clg present C.p.m. for 10 ml. Specific Activity

oyt Gl rom EL O SRR
D.F. 1.59
1.96 - 9191 - 4690 - 2947
- 1.55 - 4629 - 2986 -
- 1.23 - 3640 - 2969 -

 0.997  {0.980) 4732 - 4745 - 2980
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ibe extent of volatilisation was ealeulated frowm the loss in weight of
~the polymer. Four saraples of polymer P, &, ¢ (M, ,=180, 000) were
degraded at 3300 to different extents, the polymer residue was
dissclved and the molecular weight of the degraded polymer was
measured usiog the Mechiroleb osmometer.  The plot of molecular
weight versus ¢ volatilisation obtained from these results is show:.

in Flgure 11.

The stability of polviver samples which had been reacted wiih
radic ohlorine was investigated. If chlorine is reacting with weak
links in the polyiner, then the change in structure on chlorination
wight cause some differevce in hehavicur. o such difference was

observed.

Determination of Ungaturation of Polystyrene S.umples.

The method of ohtaising the unsaturaiion of butyl rubbers by
reaction with radicchlorine, used by Mci-ieill% has already becsn
discussed (seo page 23 axd Figure 5).  Esscntially this consisted
of reacting samples of polymer with different conceatrations of
chlorine and determining the amount of chlorine present in the
polymer, A graph was draws of wi. . Cl i pelyrer versus wi.
.. C1 in reaction mixture.

‘The approach used in the present woric was similar, but
because of the very small amounts of chlorine involved it was not

feasible to work with very low values of wt. 4 Cl in the reaction
mixture. The initial linear portion of the graph could not thereiore
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he obtained. The resulis shown in the figures which follow, however,
indicate that, as with butyl rubber, a second livear portioa is obtained
once chlorination is cumplete. The very small slope with polystyrenc
irdicates the almost complete absence of side reactions such ag main
chain chlorinaticn, under the conditions used. By extrapolating the
linear portion tc the axis, 2 value (W) of wi. " Cl in the polymer
corresponding to complete reaction of avy double bond present is

ohtained.

In order o determine the unsaturation, it is necessary to
assume that two atoms ¢f ehderine are incorporated in the polymer
por double bond.  ‘This assumption is reasonable by analogy with the
behavicur of styrene menemer, which is fousd to add 2 atoms of

chlovriae.

It follows that the uasaturation expressced as moles per cent
(U) i8 given by

molecular weight of moncmer
molecular weight of chlorine

U=Wzx

It is more convenient to express the ursaturation as a number
of double bonds per 1000 monomer urnits (I¥) or as a number of double
bonds per chain (C).

Thus Dmmus%?-g-‘-’——f =14.7 W

and C =D x.chain length
1000

=% mol. wt.
1600 x 1064
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10x Wx mol.wt. x 104
1000 104 %2 70.9
o wWxM_
T 100x 70.9

1.41WMx10*

it

The results obtained for eight polymers are presented in
Tables 4 to 11 and shown graphically in Figures 14 to 18.

All the results are summarised in Table 12, page 53.

Molecular vVeirhi of Chlorinated Polymer.

The shape of the plots of wt. ¢ Cl in polymer versus wi. s Cl
in reaction mixiure swigests that side reacticiis are negligible. I
the reaction of chlorine with double bonds is a straight forward
addition, no chain scission would be expected. On both these
grounds, therefore, no change in the molecular weight of the polymer
should ocour as a result of chlorination. 'This was tested by
measuring the molecular weights of a number of chlorinated samples

of polymer. No change in molecular weight was cbserved.



TABLLE 4

Reaction of Polymer P.8.1 (peroxide initiated, 60°C)

with Radicchlorine in earbon tetrachloride scluiion at 25°.

Time of reaction: 1 hour.

Hadiochlorine specific activity: 3460C.p.m. /myel.

Operation Wwt. Clin Activity of Wt 2 Cl
No. reaction polymer in polymer
mixture. c.p.m./g. {w)
1 3.03 35986 0.104
2 2.47 3299 5?;}?
3 1.85 1852 0.0561
4 1.8 1742 0.050
5 1.23 1546 0. 045
8 .99 1398 0.040

Extrapolated Value of W = 0.1¢Z % o
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TABLE 5

Reaction of Pelymer P.8,2 (peroxide initiated, 50°C)

with Radiochlorine, in carbon tetrachloride solution at 25°.

Time of reaction: 1 Pour.

Radicchlorine epecific activity: 3951 ¢.p.m. /mgol.

Cperation Wt.  Clin Activity of Wt. o Cl
No. reaction _polymer in polymer
mixture. c.p.m./g. )
1 4.5 3951 0.100
2 3,94 4242 6.10%
3 1.77 3396 0.086
4 1.24 2642 0. o6l
1 0.82 1806 0. 046

Extrapolated Value of W = 0,102 * 0.0l
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TABLE &

Reaction of Polvimer P, 8,5 (peroxide lnitiated, 60°3)

with Radlochlorise, in carbon tetrachloride solution at 25°.

Time of reaction: 1 hour.

Radiochloriane specific activity: 18518 ¢.p.m. /mgel.

Operation  Wt. * Cl in Activity of Wi L Cl
No. reaction polymer in pelymer
mixture. ¢.p.m. /g, (W)
1 4,32 1554 0.102
2 3.80 1521 0.100
3 2.51 - 1122 0.073
4 1.50 875 0.064
Specific activity: 2770 c.p.m. /mgol.
] 1.60 859 6. 030

Extrapolated Value of W = 4,102, £ 0 ol
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TABLL 7

Reaction of Polymer P, 8.4 (peroxide initiated, 50°C

with Radiochlorine, in carbon tetrachloride solution at 25°.

Time of reaction: 1 hour.

fiadioehlorine specific activity: 3899 e.p.m. /mgel.

Operation Wt ' Clin Activity of wt. Gl
No. reaction polymer_ in polymer

mixture. e.p.m. /g. W)

1 4.9 4130 0.10%

2 1.81 2550 0. 087

3 1.42 2857 0.073

4 1.08 1711 0.043

Extrapolated Value of W = 0.10%. + o-0!



TABLE 8
Reaction of Polymer P.5,5 (peroxide initiated, $0°C)
with Radiochlorine, in carbon tetrachloride olution at 25°.

Time of reaction: 1 hour.
Radiochlorine specific activity: 2550 op.m. /mgel.

Operation Wi, Clin Actlvity of Wt. '» Cl
No. _reaction _polymer in polymer
_mixture o.p.m./g. &)
1 8.1 2896 0.105
2 5.2 2728 0.108
3 4.4 2280 0. 088
4 4.0 2677 0.100

Extrapolatad Value of W = 0,102 £ 0.0l
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Eenction of Polvuicr P.8.8 fhormal initintion, 1209

with Ssdicchlorie:, i carbon tetracileride solition at 25°.

Time of reacticn: 1 bour.
Fadicchicrine specific activity: 2836c.p.m. /mgel.
Gperation %t Clin  Activity of ».oa
Ko. regotion poiymer in polymer
mixture e.p.m./z. )

i4.11 3376 G.148
£.95 Uil 6.125
7.8 5692 .14
4.1 Ha63 0.136
2.1 2443 €. 062

L S

Extrapolated Value of W = 0,147, £ o-ol
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TADBLE 10

Peaotion of Polymay P, 5.9 (thernal, 1«»@(}043) with

Radiochlorine, in carbon tetrachlerids sclution at 25%,

Tioie of reaction: 1 bhour.

Radicchlorine specific activity: 757 ¢.p.m. /mgel.

Cperation Wi, ZClin Activity of Wi. 4 Cl

No. reaction polymer in polymer
mixture c.p.m./g. (W)

1 10.75 1221 0.161

.2 8.8 1198 (:.158

3 7.97 1188 C.16Y

4 4.41 1209 6.159

B 2.5 ' 908 ¢.121

Extrapolated Value of W = 0.168. £ 0.0l



TABLE 11

Heaction of parily dezraded polvsivrens olymer P, 5, 8,

ierraal inigiation, 120° degraded at 3309C t0 12.5 -

volantilisation) with radiochlorine, in carion tetrachloride

golution ai 239,

Tine of reaction: 1 hour,

:iadicehlorine specific activity: 2915 ¢.p.m. /mgel.

Operation vt . Clin Aectivity of Wi, 7 Cl
No. reaction polymer in polymer
o mixture ¢.p.m./g. W)

i i1.¢ 4312 ¢.219
P 8.88 8200 0.318
3 7.4 9147 0.313
4 5.7 8632 0.291

Extrapolated Value of W = . 318 X 003



TABLE 12,

Summary of Unsaturation Determinations on Polystyrene Samples.

Polymer Polymerisation Number Average

A %% Fad

Temperature Moleoular Welzht v b -
PS1* 60° 532, 600 0.102 1.36 9.1
PE s 50° 250, G0 0.102 1.50 4.0
Ps 3 3o® 160, 0606 0.102 1.50 2.3
PS4* 50° 42, 006 0.102 1.50 1.2
PS5+ 80° 184, 000 0.102 1.50 2.7
PE 7 120° 184, 600 0.143 2.10 3.4
P8 g*% 140° 160, 0600 0.160 2.35 8.3
¥ S 8 Degraded to 12.57 52,600 0.31 4.56 2.2
* Benzoyl peroxide initisted. *# Thermally initiated.

W = Wt. % Cl in polymer after chlorination.
D = No. of double bonds per 1000 monomer units.
€ = No. of double bonds per chain.
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PART I

DISCUSSION.



1.  Summary of Conclusions.

Refore considering the beariag which the resulis obtained in this
work have on theories of the mechanism of free radical and of thermal
iritiation in polystyrene it is desirable to sumrmarise the oonclusicas

which may be drawn.

(1) The unsaturaticns of all the polystyreue samples are small,
bag not negligible. They are in fact of the same order as the "weak

link' concentrations ealeulated by Grassie and Kerrld,

{2) — The unsaturatious of the pclymcys P8 fe P8y, which were
prepared at the same temperaiure but have different molecular
weights, are gll the same.

This iadicates uasmbiguctsly the ahaence of any end group
effect - all th: coulle bonde prosost are in the main chain.

This 2ol is consistont with previcus evidence that
termination ia die [ree vadieal polymerisatics of styrene is by
combination of radizals, 22,23,24 5.4 with the evidence of Figure 7
which proves transfer tc be aksent {5 the polymerisation.

(3) There i3 ro appreoishle increase in wsaturation between
polymers P8j to PS, prepared at 60° and polymer PSg, prepared
at 80°.

4) Polymers prepared by thermal initiatios show somewhst
higher unsaturation than those prepared in present of hengoyl

peroxide at lower temperaiures.
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{5) The unsaturaticn of partially degraded pelystyrece is

higher thon that of the same polymer before degradation.

2. The Mechanism of Degradation of Pelystyrene.

Ag discussed at length in the infroduction, the two main theoeics
which have been put forward to account for the obgerved features in
the moclecular weight and rate versus conversion curves are (a) the

weak link theory () the theory of ister-melecular tyansfer.

Duriag the course of the present work, the weak link theory,
ag developed by Grassic and Kerr and Grassic and Cameron appeared
to offer the better explasation of the available facts. It was supposed
that double bonds arose Lo the main chain of the polymer by an

cocasional abrormal propogation step through the beazene ring.

“WCH,, = Ol = CH, - SH ={2 <

PY CH,, - CH - CH, = SHW
q b Q
) W

The main evidence in support of this consisted of the following:~

(i) Ozonolysis experiments indicated the prascoce of
unsaturation.

(i) The conceniration of weak links, ineasured by the method
cutlined on page 5, appeared to inorease with increase in
polymerisaiica iemporature, as would be expected for aq abuormal
propagaticn siop with slighady higher onevgy of aaiivation thau

normal prepagation.



(iii) Grassie and f:amer?)g found that polystyrene showed a
molecular weight drop tc a steady value siziilar to the Umiting value
in bulk depradatio:n at the samne {eperaiurs oo heating in tefralis
solution, despite the faat that the production ¢f moneiner was inhibited.

ihe resulis swumarised i fable 12 support the “gulnonoid”
wealk Bk theory o the extent that the wegafuratious are of the same’
corder ag the supposed weak link concenirations, and are higher at
highor toroperatuvres. The same ungaturation was found, however,
for polymers propaved at 50% and 30%, and the results can be
explained in ascther way, as discussed subseguently. Two important
cew pleces of evidencs have appeared very recently, however,
MoNeill*® has peinted out the ervors which caa arise in osmometry
when large mersbyanes ave used. I hasg beon shown, moregver,
that a polystyvene sample which pave a molecular weight of 89, 0600
using the Fuoss hiead comoinetor used by Grassie and ¥err, and
Grassie aad Caroeron, has 2 true molecular weight substantially
lower than this, viz 88,060, o matier how meticulous the
measurements, therefore, the determination of molecular weight
of degraded polystyrene carrvied oul by theso workers in the low
molecular weight reglon eamiot be regarded as completely relistle.
All the estimates of wesk link ocucenivations were based on
extrapolation of results quoted as values below 100, 006. It scems
reasorable to sugpest, therefore, that the difference in weak link
concentrations which these authors find, might not be significant

)
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and oould represent simply uncertainty in molecular weights due to
osmonmetry errors. Sinee these errors could easily approach 100
for more extengively degraded samples, and the full range of weal
lisk concentrations reporied invelves oaly about a two fold change

ever a large munber of polymers it would 2ot e uareasonahle (o
sugpest that in fact there are ne weak licks and all the polyizers

apart from differexces due to their initial wolecular weights, degraded

in the same way.

This conclugicn is reinforeed by the second piece of evidence
mentioned shove. Haider and Mm,\?eﬁlﬁ. using similar techalgues
o those of the presezﬁ work, have shown conclusively that polystyrene
prepared by a cationic (or strictly "Pseude Cationie" in Plesch's
48,43, ) moechanism shows o main chain ungaturation whatever, vet
the molecular woirht falls during desradation in a manser clusely
similar to that of froc vadieal polystyrene.  In the light of this evidenwe
the theory that polystyreoe possesses weal: ks due to main chain
ungaturation can oot be wheld. It would be difficult, moreover, W
reconcile the gimilar behaviour of polystyrenes prepared under such
drastically different conditicns with any weak link theory. It is nol
possible to discount the possibility of wealk lides altogether, however,
without giving further consideration io the results of Grassie and
Cameron for solution degradation of polystyrene in naphthalene and
tetralin. The apparent levelling off of the moleoular weight versus
conversion curve iu tetralin  is one of the strongest pieces of
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.
evidence on which: the weak link theory is basod. Twe c.ritia/sms

21 e made of this evidence, however. Firsily, only one polymer
was studied. Other samples might couiceivably have behaved
differently. Secondly, Grassie and Cameron results are not quite
compakibie with the gimilor resulis of Joliinel and Spegmerm .
The latter deterinined molecular weighis viscometrically and found
the molecular welght continued fo fall slowly, afier the initial steep
drop. The discrepaney betweon the resulis of these workers may
be explained in torms of semometry erver, as disoussed previcusly,

in the case of the Fuese MMend osineneier.

A further i ece of evidence against the weak link theory
emerges from a closer examinstion of the results of Grassie and
Camerons solution experiments.  The rate of degradation in
naphthalene polution is slower than for bulk polymer. For a first
order veaction, as required by weak link theory, this can only be
explained in terms of travefer to sclvents. It may be explained
rauck more readily in torms of the intermolecular transfer thoory
as being simply a dilution effect.

It can be sce: by comparing the resulis of Table 12 with the
ozonolysis data of Grassie and ’Jameronzs, that the two methods are
in fair agreement as to the mwain chaio unsaturation in polystyrene.
Grasgie and Cameron estimate a double hond concentration of the order
of 1 Double Dond per 1000 monomer units. The corresponding result
of Table 12 is 1.5 double bond per 1006 monomer unit. It seems
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. A
clear from the present work, and that of Haider and McNeill '7.
however, that although there ie main chain unsaturation, this is not
associated with weak links,

This conclusion is reinforedd by the fact that no difference i
thermal stability was found (page 42) betweoen polymer samples
nefore and after reaction with chlorine, I the double bonds were
weak links, some difference in behavicur might be repeated.

The significant of the result for the uneaturation of degraded
polystyrene is discussed after consideratiou of the guestion of

thermal initistion.

3. The Mechanism of Therimal Initiation, i the Polymerisation
of Styrene.

. 3
The mechaasiga of this process is aot well understoed.  Flory

has suggested that the following diradical initiation

TR ’
e b 1 LA — .
‘“H?. =OH + CHQ @ I —> *CH - i"ﬁz - uiaz - CH
is more likely than the possilile hydrogen irassfer raactianw
¢ ¢ v ¢

Cﬁg = C‘ili + CHZ = ﬁ —_— CI§3 - *éi?’i' + CH2 = :"3'
Rossell and Tobohf;i=ty4 1 found in inhibition experiments that the rate
of thermal initiaticn of styrene polymerisaticn calculated from the
rate of polymerisation was considerably less than that obtained from

the rate of consumption of inhibitor. When an initiator was present

-30-
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the two sete of measurcments were in agreemoent. They coacluded
that in thermal reactios diradicals were initially formed but nearly
all cyclised readily and polymerisation resulted only from those
diradicals which had been converted into moncradicals by trausfer

before cyelisatic: cowdd oceur.

Ma.y‘u»sQ proposed that thermal indtiation of styrene proceeds

by a termolecular reaction producing moaoradicals:
¢ g% &

3 ({352 = i) ~—> Cﬁg - CH® + {3}33 -ie={H - :C}E'
Termolecular reactions are however extremely rare, and it would
perhaps be more likely thai aa initially formed diradical would
react by the transfer with a moncmer molecule to give two mono~

radicals.

- . 1 ! ]
In the casc of both the Gossell and E‘ebelskf , and ﬁ.&ayo5
mechaniemas, one half of the initiating radicals would produce chains
with terminal uusaturation. . Since the chain termination process is
2
9

22,23,24 .
in the ecase of styrene, it follows

known to be combination
that, on average, every inolecule would possess onelerminal double
bond.

On the other hand, diradieal initistion would result in chains

with no unsaturation.

The results of Table 12 may be considered in the light of these
theorles. The issue is8 complicated, however, by the presence of
main chain ungaturation. it is instructive to caloulate the

-60~



unsaturation to be expected for P.Sy and P.Sg on the basis of one
terminal double bond per chain and compare these values with the
results obtained. This i{s shown in Table 13.

The observed unsaturations are considerably higher than 1
double bond per chain. I allowance is made for main chain
unsaturation on the hagis that it is similar to that estimated for
peroxide initiated polymers at 66°, it is fousd that the difference
between C pqand Cmgin chain agrees guite well with Cegla.

Thesge results lend suppori to the theories of monoradical
initiation. DBecause of the assumption which has to be made
regarding main chain ungaturation, however, tiiey do not provide

conclusive proof.

it would be a comparitively simple matter to obtain the
neceseary procf.  All that is required is (o fractionate a thermally
initiated polymer and to measure the vneaturationg and molecular
weights of the fractions. A plot of 1/ahain length versus
unsaturation then allows Loth main chain and terminal unsaturation
to be estimated. Experimentally this I8 tlne consuming and time
did not permit i 6 be doue.

4. ation of De Pol ene,

In assessing the change in unsaturation in polymer P.S.q
(Table 12), on degradation, account must be taken of the fact that
initially beth main chain and terminal double bonds are present.

w3l



TABLE 13

Cbserved and Caloulated Unsaturaticns for Thermally

Polymer P, S? P, Eﬁs
Mn 184, 000 1bo, 000
c cale 1,0 1.0
cobs 3.4 3,3
cmﬁn chain 2.8 2.3



If the original main chain unsaturation is assumed to play no pari in
the chain scission process then this may be allowed for by subtracting
the appropriate guantity from the original and degraded polymer
results. (Table 14).

The resulis suggest thig the degraded sample containg more
than one double bond per chain. L the abseuce of direet evidence
as to whether these are in the main chain or at the ends, further

discussion does uci appear fruitful.

. Origin of Main Chain Unsaturation.in Undegraded Polystyrene.

"“Crudnonoid" structures have already been digcounted as
possitle weak links in the polymer. I is unlikely that such structures

cculd exist in the chaln and not behave as weak links.

Some alteraative explanation for unsatuoration in the main chain

ruet therefore he found.

The main steps in radical polymerisation can give rise directly
culy t¢ terminal unsaturation, Main chain snsaturation can arige
only by some abuormal propagation process, or by a reaction
ccourring in a polymer after its formation. Three possible reactions

may be suggested.

(1) Direct loss of hydrogen.
1t is conceivable that polystyrene might lose a hydrogen
molecule at occaslonal points in the chain, leaving a double bond in
conjugation with 2 benzene ring:

-GG



TABLE 14

Change in Unsaturation of Polystyrene P.;‘?}? on Degradation.
Polymer P.8T 2,817
Undegraded 12.5% Degraded
Mr 154, 000 52, 000
C obs 3.4 2.3
e in chain 2.8 0.8
- C 0; 8 1- 5




ACH,, - Cli = CH,, - CH - CH

\Q/ ]
N AN .—'“"-73 ﬂﬁ_« -
/'V\anz ejii H bA LHZ /Cii
1) ! )
(i) Dircet loss of benzenc,

2

©>-
Gr-o

+H

¥

Yeozmeos (s present in appreciable guantities in the

products of degradation of polystyrene at temperatures of 500° aud

5 .
overﬁ . It could arige by a straight forward splitting out:
® B H u© H H
| ; 1 | | |
mc«»s~3~a:w;3»c:w——>
R !
O v O 9 H
3 3 B ¥ ik B i
| { ' { { \ \
-——j“\-CwGw{J"C-C'—“"W + @
| t
ol H i
S~

It would seem possitde that this reaction might alec ccaur to 2
very small extent in the course of the polymerisation process.

[eaotions such ae (1) and (i) might be initiated by benzoyl
peroxide, and it would therefore be of interest to test the possibility
by beating a solution of polystyrene i the presence of benzoyl
peroxide for some time and determining whether any change in
ungaturation hed cecurred.

In the present work, polymers P, &51 o P. S5 all had the same



unsaturation, despite considerable difference in henzoyl peroxide
osoncentration, but it must be remembered that all were polymerised

to the same conversion.

The reaction would need to ocour only very ravely ¢ account
for the extremoly low vasaturations observed.

&I@'eirsz hws chserved thal polystyrene wpon UV-irradiation
in vacuo develeps a vellow colour, which must be attributed to

conjugation, probobly as a result of loss of hydrogen or benzene,

(i) Loss of hydrogen from head fo head structures.

If a head w head structure avose in polystyrene, as hag
already been dx&,uaz@d
~~CH,, a: - cH - JH, = CH,_ - CF A
2 2 |
oo e
Q)
the loss of the hydrogen atoms indicated by asterisks should be a
relatively easy process sluce the double bond resulting could be in

conjugation with two henzene rings:

WACH, -~ C = - CH, -~ CH, - CHw~
RPN LN
e o

_The loss of hydrogen might be expected to occur immediately
following the abnormal addition of the monomer unit, since in this way
the radieal centre is also stabilised by belng £ to a double bond.

Grassie and Cameron rejected the possibility of head fo head
structures as weak links in polystyrene, but they did not produce any

-66-



evidence that this type ol structure canuot be presest. itead to head
links are kaown W ocour in & aumber of vioyl polymers aud there

seems 1o reascu why polystyrene should hehave diffevently.

Wwhatever the inechanism, the absence of main chain
unsaturation in caticaic polysiyrene is explicable by the fact that the
reactions described would be expected to take place much less
readily in the course of a polymerigation at -~ 78°C, in the absence
of free radicals.
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